To overcome the disadvantages generated by the loose nano-partilce agglomerates dispersed in polymer composites, a chemical grafting method was applied to modify nano-Si3N4 by covalently bonding glycidyl methacrylate (GMA) onto the particles. The tribological behavior of the epoxy composite filled with nano-Si3N4 or GMA treated Si3N4 (Si3N4-g-PGMA) was studied using a ring-on-block wear tester under dry sliding, and the worn surface of the filled epoxy composite and the surface roughness of the composites after the sliding wear test were investigated by SEM (scanning electron microscopy) and AFM (atomic force microscopy), respectively. In comparison to the composites filled with untreated nano-Si3N4 particles, the composites with the grafted nano-Si3N4 exhibit improved sliding wear resistance and reduced friction coefficient owing to the chemical bonding at the filler/matrix interface.
Introduction
Polymers and polymer composites have been used increasingly as engineering materials for technical applications in which tribological properties are of considerable importance. Recent investigations on inorganic nanoparticles filled polymers demonstrate their significant potential in producing composites with low friction and high wear resistance [1] [2] [3] [4] [5] . Compared with the composites incorporated with micro-particles, which are characterized by severe wear resulting from abrasion and particles pull-out, nanocomposites exhibit rather mild wear with fine individual debris acting as lubricant and contributing to material removal by polishing. Evidently, a uniform dispersion of nanoparticles and strong filler/matrix interfacial interaction in the composites are the prerequisites for the aforesaid performance improvement.
It is worth noting that nanoparticles are very difficult to be uniformly dispersed in polymers because of the strong attraction between the particles and the limited shear force during compounding. Consequently, nano-particle filled polymers used to contain a number of loose clusters of nanoparticles, which would lead to extensive material loss in terms of disintegration and crumbling of the particle agglomerates under tribological conditions. To avoid these drawbacks, a series of methods have been attempted in two aspects: development of new compounding (dispersion) techniques and surface pretreatment approaches for nanoparticles. Comparatively, surface modification of nano-fillers is more effective and easier to be applied. Similar to the case of micro-size particles, surface treatment of inorganic nanoparticles can be conducted by either physical or chemical method. The former deals with surfactant treatment [6] and polymer encapsulation [7] , while the later is related to coupling agent treatment [8] [9] and graft polymerization [10] [11] [12] [13] [14] . Comparatively, the effect of surface modification based on chemical interaction is more significant, as it provides stronger interaction between modifiers and nanoparticles. In our previous works, graft polymerization onto nanoparticles proved to be feasible in improving tribological behavior of polymer nanocomposites [15] [16] [17] [18] [19] . The grafted polymers changed the hydrophilic surface feature of the particles to hydrophobic and broke apart the nanoparticle agglomerates during polymerization process. Besides, filler/matrix interfacial interaction in the composites was enhanced mainly due to chain entanglement of grafted polymer with matrix polymer. Actually, the interfacial adhesion can be further increased if a chemical reaction between the filler and matrix could take place. This concept is similar to the reactive compatibilization employed in making polymer blends. In this work, nano-Si 3 N 4 particles grafted by polyglycidyl methacrylate (PGMA) were mixed with epoxy. The grafted polymer PGMA was selected because the epoxide groups on PGMA would take part in curing reaction of epoxy resin, so that the nano-Si 3 N 4 particles could be covalently connected to the matrix. The technical route is believed to be beneficial to the tribological performance of the composites.
Materials and methods

Materials
The nano-size Si 3 N 4 particles supplied by the HuaTai, China, have a specific surface area of 52 m 2 /g and an averaged diameter of 17 nm, respectively. Prior to use, the particles were dried in an oven at 110°C vacuum for 24 h to get rid of the physically absorbed and weakly chemically absorbed species. Bisphenol-A epoxy resin (type E-51) was provided by Guangzhou Dongfeng Chemical Co., China. The curing agent 4,4′-diaminodiphenysulfone (DDS) was supplied by Shanghai Medical Agents Co., China. A silane coupling agent (γ-methacryloxypropyl trimethoxy silane, provided by Liao Ning Gaizhou Chemical Industry Co., China) was employed to introduce the reactive double bonds on the surface of the nanoparticles prior to graft polymerization. The grafting monomer glycidyl methacrylate (GMA, Shanghai Yuanji Chemical Engineering Co., China) was distilled under low pressure before use.
Graft polymerization onto Si 3 N 4 nanoparticles
The nanoparticles were grafted with PGMA by surfactant-free emulsion graft polymerization. The details of the surfactant-free emulsion graft polymerization have been described in Reference [20] . After the graft polymerization, the resultant suspension was filtered, washed, and extracted with methanol for 8 h to remove the residual monomer. The dried mixture was extracted with acetone for 50 h to isolate the polymer-grafted Si 3 N 4 (Si 3 N 4 -g-PGMA) from the absorbed homopolymers. Then the grafted nanoparticles were dried under vacuum at 50°C. Some of them were transferred to Shimadzu TA-50 thermogravimeter to determine the percent grafting, γ g . In the subsequent procedures of composites manufacturing, the Si 3 N 4 -g-PGMA with a percent grafting of 7.25 wt% was used as the treated fillers. Besides, Fourier transform infrared (FTIR) spectroscopy was used to evaluate the reactivity of Si 3 N 4 -g-PGMA with the curing agent DDS.
Manufacturing of epoxy based nanocomposites
The composite materials were fabricated by mixing the (untreated or treated) Si 3 N 4 nanoparticles and epoxy (EP) together with a fast stirring for 3 h under vacuum, and then ultrasonic agitation for 1h. After that, the mixture was heated to 130°C and the curing agent (DDS) was added under continuous stirring. Then the composite system was poured into a preheated mold and the curing procedure began after extraction of possible air bubbles for 45 min. The curing proceeded step by step as follows: 3 h at 100°C, 2 h at 140°C, 2 h at 180°C, and 2 h at 200°C.
Characterization
Unlubricated sliding wear tests were carried out on a pin-on-ring configuration at a constant velocity of 0.42 m/s and pressure of 3 MPa to obtain specific wear rate, w s , and friction coefficient, µ. The con-tact schematic diagram of the frictional couple is shown in Figure 1 . The carbon steel ring (0.42-0.45 wt% C, 0.17-0.37 wt% Si and 0.5-0.8 wt% Mn, HRC 50) had a diameter of 40 mm and an initial surface roughness of 0.1 µm. The specimens for wear tests were machined with a geometry of 5 mm×10 mm×15 mm, resulting in an apparent contact area of about 5 mm×10 mm. Prior to wear testing, all the samples were pre-worn to average surface conditions and to reduce the running-in period. The actual steady-state test was conducted for 3 h using the same steel ring as that used for the pre-worn procedure. After that, a weight measure of the specimens was conducted. The worn surfaces of the specimens were observed by a Philips XL-30FEG scanning electron microscope (SEM). Transmission electron microscopic (TEM) observation was performed with a Philips EM400 on the sample prepared from acetone dispersion of the particles (0.1 g in 50 ml), which were sonicated for 45 min and then deposited on copper grids covered by carbon film. The roughness of the worn surface was measured by SPM-9500J3 atomic force microscope (AFM). X-ray energy distribution spectra (EDS) of the counterpart steel rings were collected with a LINK-ISIS 300 apparatus at an accelerating voltage of 20 kV. X-ray photoelectron spectra (XPS) of the composites' surface were recorded by means of a Vacuum Generators Escalab MK II X-ray photoelectron spectrometer with a resolution of 0.8 eV at 240 W (Mg K α 12 kV). Three-point bending tests of the composites specimens were carried out in a Hounsfield universal tester in accordance with GB/T1039-92 standard at a deformation rate of 5 mm/min.
3. Results and discussion 3.1. Surfactant-free emulsion graft polymerization of GMA and its characterization When nanoparticles are mixed with epoxy, whether a stationary suspension state can be kept is of the first importance for producing homogeneous composites. To check the effect of surface treatment qualitatively, the dispersibility of PGMA grafted Si 3 N 4 in acetone was compared with that of the untreated nano-Si 3 N 4 ( Figure 2 ). The results clearly show that a remarkable improvement of dispersibility of the former particles originating from the surface grafting. Untreated nano-Si 3 N 4 completely precipitates after a few hours. On the contrary, Si 3 N 4 -g-PGMA gives a stable colloidal dispersion in the solvent. In addition, the grafted nano-Si 3 N 4 particles with higher percent grafting (48%) tend to be less stable than that with lower percent grafting (7%) within 25 h, indicating that excessive graft polymer chains interfere with the dispersion of nano-Si 3 N 4 particles due to molecular entanglement. Figure 3 shows the TEM morphologies of the nanoSi 3 N 4 particles before and after the grafting treatment in acetone. Due to the serious aggregation resulting from the high specific surface area, the untreated nano-Si 3 N 4 particles get together forming clusters larger than 500 nm. When the particles are grafted by PGMA, they can be well dispersed in the obviously demonstrates that the graft treatment is rather effective in separating the agglomerated nanoparticles, which would benefit the subsequent composites manufacturing.
Since the surface treatment of the particles aims at increasing the reactive compatibilization in the nanocomposites by grafting polymers with reactive groups onto the nanoparticles, the reactivity of the grafted polymer should be of interests. Firstly, it is needed to confirm whether the epoxide groups of PGMA grafted on the nano-Si 3 N 4 particles will react with the amine groups of DDS. To prove the reaction, a model system consisting of stoichimetrical Si 3 N 4 -g-PGMA and the curing agent 4,4′-diamino-diphenysulfone (DDS) was thermally treated following the same curing sequence as that applied for epoxy/DDS compound, and then evaluated by FTIR. It is seen from Figure 4 that the double bands at 3332 and 3369 cm -1 corresponding to the primary amine groups (-NH 2 ) disappear after curing. Instead, a single band at 3365 cm -1 representing the secondary amine groups (-NH) is perceived, evidencing the above deduction. Therefore, it is known that PGMA is able to take part in the curing reaction of epoxy. Such a chemical bonding between the PGMA chains grafted onto nano-Si 3 N 4 particles and the surrounding epoxy networks would certainly enhance the filler/matrix adhesion in the composites.
Friction and wear performance of Si 3 N 4 /EP nanocomposites
To illuminate the effect of the grafting polymer on the tribological performance of the epoxy composites, Figure 5 presents the specific wear rate, w s , and frictional coefficient, μ, as a function of the amount of the grafting polymers attached to nanoSi 3 N 4 particles. It is found that the particles with a medium grafting percentage (γ g = 7.25%) give the lowest w s and μ. It can thus be estimated that the molecular chains of the grafted PGMA with a medium grafting percentage might present themselves in an extended conformation, which is beneficial to the dispersion of the grafted particles and matrix adhesion strength. As stated before, the grafted PGMA employed in the present work can build up chemical bonding between the nanoparticles and epoxy resin, which should be responsible for the higher resistance to periodic frictional stress. With a rise in the nanoparticles concentration, both the wear rate and the friction coefficient increase slightly. It might be due to the fact that the increased amount of the nanoparticles is unfavorable to filler dispersion [21] . Meanwhile, the grafted nanoparticles also lead to more significant reduction on specific wear rate of epoxy as compared with the friction coefficient. Figure 7 compares the worn surface of unfilled epoxy with those of the composites. Clearly, the severe wear associated with the detachment of bulk materials for unfilled epoxy (Figure 7a, 7b) is replaced by the mild wear for untreated Si 3 N 4 filled composites (Figure 7c, 7d) . scratches without any detached flakes. It can be attributed to the fact that the treatment via graft polymerization onto the nanoparticles further improves the miscibility between the grafted polymer and matrix epoxy. It should be beneficial to the dispersion of nano-Si 3 N 4 particles, and improve the composites' integrity. As a result, the composites' wear resistance was raised accordingly. On the other hand, it suggests that polishing effect predominates the wear process of the latter composites, evidencing the change in wear mode.
Effect of the reaction between grafted polymer and epoxy matrix on the composites' surface feature
The aforementioned results have demonstrated the efficiency of surface grafting treatment of Si 3 N 4 nanoparticles in improving sliding wear properties of epoxy composites. Nevertheless, some details of the role of the chemical bonding on the composites' surface characteristics should be further investigated. Figure 8 shows the surface feature of epoxy and its composites characterized by load-unload curves recorded during the micro-hardness measurements. In the case of unfilled epoxy, the worn surface exhibits greater portion of plastic deformation as compared with the unworn one. This reflects destruction of the epoxy network due to the high frictional temperature. However, the addition of nano-Si 3 N 4 particles exerts restraining effect on the plastic deformation, and even results in a rise in the elastic deformation after the wear test, proving that the interaction between nano-Si 3 N 4 particles and epoxy is rather strong. When the Si 3 N 4 had been grafted with PGMA, the elastic deformation of the composites is further improved due to the chemical bonding at the interface. Quantitative description of the worn pin surface profile by AFM presents information about the improvement of the composites' resistance to surface shearing due to the incorporation of nanoSi 3 N 4 particles from another angle ( Figure 9 ). Clearly, the wear process in the Si 3 N 4 filled nanocomposites are dominated by polishing and the worn pin surface appears rather smooth. When the particles were grafted with PGMA, the average roughness of the composites is further reduced by three to four times. The results agree with the aforesaid enhanced integrity and higher wear resistance of the composites.
To illuminate the influence of the chemical bonding on the materials transfer from the specimens to the steel counterpart during wear test, elements on the steel ring surface were examined in Table 2 . It is seen that having rubbed against either the unfilled epoxy or the epoxy composites, element Si was detected on the steel counter face. Besides, the amount of Si on the steel ring surface rubbing against the composites is higher than that on the 
Conclusions
1. Grafting of GMA onto nano-Si 3 N 4 increased the interfacial interaction between the particles and the epoxy matrix through chemical bonding. It proved to be an effective way to further enhance the nano-effect of the nanoparticles on the improvements of the tribological performance. However, excessive GMA groups are detrimental to the enhancement of wear resistance of the composites due to molecule entanglement. 2. Compared with the unfilled and nano-Si 3 N 4 filled epoxy, the epoxy filled with low content Si 3 N 4 -g-PGMA exhibited lower friction coefficient and higher wear rate. However, the friction and wear of the filled epoxy composites deteriorated with further increasing content of nanoSi 3 N 4 and Si 3 N 4 -g-PGMA particles. 3. The technical route proposed by the authors is not limited to the system made of Si 3 N 4 nanoparticles and epoxy resin. In fact, the surface treatment method presented in this paper is also feasible for various inorganic/polymer composites aiming at improving particle dispersion and interface interaction. 
